It has been found that the signal-to-noise ratio (S/N) of the neural responses to stimuli observed in functional magnetic resonance imaging (fMRI) increases supralinearly with the static magnetic field strength (measured as flux density, Bo) (1), as apparently also does the spatial focus to the actual sites of brain metabolism (2) . The largest value of Bo currently used for humans is 4.1 T (3). Higher field MRI instruments do exist but are constrained to the study of animals by their magnet bore sizes. Of course, animals must be immobilized (anesthetized and/or paralyzed) for such investigations. In a separate report (4) , we have shown that although the large dose of pentobarbital anesthetic required initially inhibits a detectable murine brain response to visual stimulation, there is a time window following a bolus administration when growing brain responses can be detected, before motion artifacts attendant to arousal preclude fMRI.
We report here studies conducted during this time window. We have explored 9.4 T fMRI signals in the occipital region of the mouse brain in response to a flashing, point light source, which was also varied in the duration of illumination. Preliminary results have been presented in abstract form (5) (6) (7) (8) , including responses to olfactory and whisker-motor stimulations (5) .
METHODS
In our experiments, male Swiss-Webster (albino) mice (30) (31) (32) (33) (34) (35) g; Taconic Farms; n -45) were anesthetized with sodium pentobarbital (60-65 mg/kg, bolus i.p. injection). To avoid impractical mechanical ventilation, no expressly paralytic drug was administered. Each animal was positioned rostral end down in a Bruker imaging probe, its head resting in an 18-mm-diameter cylindrical glass support inside the 25-mmdiameter saddle-shaped transceiver coil, in which the brain was centered. A Bruker MSL 400 instrument equipped with a 9.4
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T magnet having a (vertical) free-bore of 89 mm diameter was controlled by an ASPECT 3000 computer. Inside the magnet, the animal was ventilated by a stream of air with a flow set to -7 liters/min at the MSL temperature control unit. The transceiver coil was tuned and matched at 400.2 MHz.
On a few individuals, sets of thin-sliced (thickness, nominally 0.7 mm), high-resolution (256 x 256 matrix size) coronal images were obtained that covered the entire brain region. A simple low flip-angle (a = 25°) gradient echo pulse sequence was used. The field-of-view was (30 mm)2. The echo time (TE) (2.5 ms) and repetition time (TR) (500 ms) values were set to yield images that were mostly spin density-weighted, with a relatively high S/N from the thin slices. Each image required -2.1 min to acquire. They were compared to anatomical photographs in a mouse brain atlas (9) to serve as references for the fMRI slice selections.
For the fMRI experiments, one end of a coated 1-mmdiameter optical fiber (Edmund Scientific, Barrington, NJ) had been inserted through the air tunnel in the bottom of the probe, into the coil area, and taped to the inner support wall. After the mouse was positioned, the end of the optical fiber was [5] [6] [7] [8] PA), and continued until the animal was aroused enough that motion artifacts blurred the signal change resulting from the visual stimulation (typically, -2.5 h PA).
A few movies were collected with 3-s interimage delays to confirm that there was no change in the pattern of brain response; for example, due to the stimulation-induced inflow of fresh, unsaturated blood spin magnetization (11) . The (12) . Simple difference (a movie image with maximum signal intensity change minus a movie image with baseline intensity) images were displayed with a seven-color scale that measures percent intensity change relative to that of the pixel with the greatest intensity in the baseline image. For presentation, the difference images were superimposed onto the gray-scale scout image of the same brain slice by using POSTSCRIPT programming.
The use of simple difference images is reasonable in this work. Due to the small number of baseline (computer-limited to typically 20) and "activated" (usually one, for each response) images we can obtain in a single movie, an extensive statistical analysis of our data is not warranted. However, the high field of our instrument (9.4 T) provides us with the large signal intensity changes (increases often >30%) expected. For example, only pixels with intensity changes in excess of ±7% are shown in fMRIs depicted in this paper (see Fig. 4 ). At this level (above the maximum observed in low-field studies), the reproducibility of the functional maps is quite high: "noise" is rarely seen. In the fMRIs, the absolute value of the standard deviation of the baseline intensities of individual pixels (in percent signal change) is 1.27% (see Fig. 4 ). Changes larger than ±5% (below the cutoff threshold) are <0.1% likely to arise from random fluctuations. The possibility of mistaken identification of motion artifacts was eliminated by a computer-generated superimposition and examination of the individual movie images (see below).
In the ROI intensity time-course plots, the absolute values of the standard deviations of the baseline intensities (in percent signal change) ranged from 3.65% (see Fig. 3a , open symbols) to 5.80% (see Fig. 3a anterior position and the twelve are numbered consecutively from anterior to posterior. The approximate locations of the six images are indicated by vertical lines drawn on an adaptation of a midsagittal view of the (C57BL/6J strain) murine brain in the skull (9) . The locations were estimated by comparison of the images with photographs of stained coronal brain slices (9) , from a knowledge of the average murine brain dimension (see the scale bar for the midsagittal view in Fig. 1) , and from the thickness (0.7 mm) and contiguity (nominal center-to-center spacing, 0.8-0.9 mm) of our anatomical image slices. The thicknesses are indicated by the horizontal bars in the center of Fig. 1 , although these also probably serve as reasonable estimates of location uncertainty as well. Although the vertical lines suggest perfectly coronal planes, the image slices could be slightly skewed, in the pitch and/or yaw senses. The same is true for our scout and functional images. The final position of the mouse inside the gradient coils cannot be perfectly controlled or well observed. Sagittal MR images of the mouse brain are not practical with our set up.
It is important to note that the coronal images seen in Fig. 1 include the entire head. Thus, for example, the small dark void near the center of image 4 represents the trachea, and the mass below it a section of the hypoglossus. On either side of the latter are seen sections of the masseter muscles (not present in the midsagittal view). The brain section occupies approximately the top one-third pie-shaped portion of the circular image. shown. The duration of (7 Fig. 2 ) show some evidence of structure.
The increasing intensity of the responses with time elapsed PA also evident in Fig. 2 (Fig. 3a) , or an increase (from 0.3 to 0.6 W), applied to another mouse -170 min PA (Fig. 3b) . There are plots in Fig. 3 Fig. 3 , there is no evidence of structure in the "on" responses. Perhaps these mice were closer to arousal. Fig. 4a and shown in Fig. 4 b- Fig. 4b shows the areas for this mouse that were activated 1 s after the light was switched on, Fig. 4c presents the difference image obtained -3.6 s since the light had been turned on, while Fig. 4d depicts the areas responding 1 s after the light intensity decrease. Fig. 4e shows the difference image obtained -3.6 s after the decrease in light intensity and Fig. 4f depicts the areas responding -2.7 s since switching off of the light. Fig. 3a patterns (Fig. 4 b, d, and f) (1) , yielding an exponent of 1.6 for the Bo-dependence (1) . With this, the 6% change at 1.5 T (1) combines with the TE value of 11 ms that we employ to predict a 39% increase at 9.4 T. The average value of the six positive maxima in Fig. 3 is 40%. That we sometimes observe significantly larger changes (Fig.  3a) could simply be due to partial volume effects. Our ROI volumes are less than one-tenth of those of the lower-field experiments (1). The cutoff values (±7%) for the difference images in Fig. 4 are larger than the maximum changes observed in low-field studies. Because they are based on the baseline image pixel with maximum intensity, the percentage scales in Fig. 4 are more conservative than those of Fig. 3 (Fig. 1) , it is not possible to further localize the positive changes we see (Fig. 4) (Figs. 2-4 (15) . We estimate the size of our stimulus to be very similar (except that we surely also have significant reflected light from the glass support walls). The microelectrode responses fade with a characteristic time of -0.5 s (15) , and this explains why we almost always see only one activated fMRI (acquisition time, 0.9 s) after each stimulus change (Figs. 2 and 3) . Thus, we are directly detecting operations of the "M" ("luminance", or "broad-band") pathway (16) of the murine visual system. The other major channel of the vertebrate comprises the two "P" ("color-opponent") streams (17) , which manifest a sustained response to the stimulus (18) . The M channel provides excitatory signals for both increments and decrements in illumination. It is initiated with ON, OFF, and/or ON/OFF bipolar cells in the retinal ganglia of the vertebrate (16, 19) . At least in the primate, the M pathway remains segregated in the geniculostriate system (18) before connecting to the primary visual cortex; but there, and after leaving the striate cortex, the separation is apparently not as distinct as once thought (20) .
The brain actually responds to perceived intensity, or luminance; one of two primary sensory cues (17) . The M pathway has also been studied with visual evoked potential responses in anesthetized cats (21) . Though the overall pattern used to stimulate the cats remained isoluminant, the contrast-a measure of the difference of luminance values within a grating pattern-was varied (21) . The response amplitude was approximately proportional to the logarithm of the absolute value of the contrast change in the stimulus. Our fMRI results also seem to reflect an absolute temporal (mathematical) differentiation of the intensity (I) of the light incident on the eye-i.e., they appear proportional to loI/atl (Fig. 3) . Spekreijse and coworkers (22) refer to the "differentiating network....after rectification." Such a pathway quite likely employs some form of "adapted" membrane channel (23) .
Individual cells in the M pathway show the prototypical ON/OFF responses (15) . When one is studying signals that integrate the actions of many neurons, however, the P channel, usually operating contemporaneously with the M stream, causes an observed response that persists for the duration of the stimulus (18) . This is the nature of the result that has been observed in every visual stimulation fMRI study of Fig. 2 ) is much shorter than the typical image acquisition time (0.9 s, here); one would not be able to observe the physiological effects that occur with this frequency, if any (21) . In many cases, the stimulus also "flickers" in the spatial sense (the "flickering checkerboard" sources). In these situations, the retinal image is spatially dynamic and so the M channel is being continually excited, and thus has the same sustained response as the P stream. However, our stimulus flickers only in the temporal sense. In some of the human activation studies, the stimulation seems somewhat similar to ours in this regard (although it is often not clear whether there is more than one "point"), and yet sustained responses are observed. (29) . It is interesting that such suppression was historically characterized as a kind of "anesthesia" (30) .
(iii) A P channel is not important. Perhaps the mice do not have a significant P pathway. After all, they are nocturnal animals for whom color-sensitivity and high spatial resolution are not so important. Such animals "have mainly receptors for dim light (rods)" (31) . Indeed, Mangini and Pearlman (15) found that half of the area 17 neurons they studied with microelectrodes in the anesthetized mouse exhibited responses such as we see in Fig. 2 (16) . One can also employ isoluminant or isochromatic stimuli that evoke the P or M pathways, respectively (29) .
Negative fMRI Changes. Recently, Menon, et al. (2) have reported high-field (4 T) studies of visual stimulation in awake humans in which some pixels exhibit a very small negative fMRI change during the first 2-3 s of the response. This is followed by a switch to a larger positive change for the duration of the 10-s stimulation and for a few seconds thereafter. After the present paper was submitted, four abstracts have appeared that report sustained negative fMRI changes in some brain regions for cognitive/motor (32) and mental imagery (33) protocols with awake human subjects, and for visual stimulations of anesthetized monkeys (34) and awake humans (35) .
The manifestation of the BOLD (blood oxygenation level dependent), or Ogawa, mechanism as a positive enhancement in fMRI has generally been interpreted as a reflection of hyperoxygenation of the blood in the ROI vasculature (14, 36 (38) . The magnitude of an fMRI response based on a BOLD effect, moreover, also depends on the orientation of the vessel in Bo and the proximity of other vessels (36) . Of course, any practical MRI ROI contains a large ensemble of vessels with distributions of sizes and orientations in Bo (36) .
The average [deoxyhemoglobin-ironbood] value in a capillary will decrease if any increase in aerobic glycolysis in the neurons surrounding it is more than compensated by an increase in the linear flow of blood through it. This would cause a positive BOLD effect-an increase in image intensity. This might happen in a capillary bed supplying the activated nerve cells but it could also happen (to an even greater extent) in capillary beds serving neurons enjoying no increase in activity but supplied by the same arterial system as the first capillary bed (39) . This is possible because blood flow appears to be regulated by dilation at the arteriole (and probably venule) level (37) . The hyperoxygenation of capillary beds by an increase in flow without a corresponding increase in neuronal activity is probably mimicked in experiments involving controlled periods of hypercapnia. These have been clearly shown to cause an increase in blood flow (37) on the one hand, and to give rise to a positive BOLD effect in fMRIs (40) on the other hand.
The average [deoxyhemoglobin-ironblood] value in a capillary will increase if an increase in aerobic glycolysis in the neurons surrounding it is not compensated by an increase in the linear flow of blood through it. Since the BOLD mechanism is sensitive only to the concentration of the paramagnetic product of aerobic glycolysis, this would cause a negative BOLD effect; a decrease in image intensity. Because such a phenomenon would be expected to happen only in the capillary beds actually serving the neurons with increased activity, it would likely arise from a small region of tissue. Its measurement might be rendered difficult by partial volume effects, or impossible by larger positive BOLD effects from more extensive nearby regions in the same voxel. Our nominal voxel size (-220 nl) is only one-fifth of that (-1 ,l) in even the highest resolution fMRI studies carried out on humans at 4 T (41), which is, in turn, an order of magnitude smaller than usual. This may help us to observe the negative fMRI changes that we do see.
The exact substrate of the negative fMRI changes observed (Fig. 4) is not known. Certainly, the superior sagittal sinus passes through the slice in this region. However, its tangent is fairly parallel to Bo at this point. A cylinder perfectly parallel to Bo gives absolutely no BOLD effect (36) . Also, the conventional wisdom in the fMRI community is that a large draining vein gives rise to a positive BOLD effect. It is intriguing to note that the murine pineal gland is located in the region exhibiting the negative fMRI change (see the midsagittal view in Fig. 1 ).
